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ABSTRACT OF THE THESIS

Catabolic effects of Nell-1 Haploinsufficiency on Articular Cartilage in Murine Knee Joints
Bernard James Boback, III
Masters of Science in Oral Biology
University of California, Los Angeles, 2017
Professor Kang Ting, Chair
Contemporary therapeutic approaches for cartilage tissue engineering are flawed by
significant functional heterogeneity and undesired side effects. A relatively novel growth factor,
Nel1-like molecule-1 (Nell-1), has displayed a critical role in the pathogenesis of osteoarthritis in
murine model and may hold promise in avoiding such pitfalls. In the current study, the Nell-1
haploinsufficient (Nell-1+/-) mouse model was further evaluated to the response of disruption of
the Nell-1 axis on articular cartilage at different postnatal stages with a focus on its catabolic
effects. The articular cartilage of both wild-type and Nell-1+/- knee joints at 1, 3, 7, and 10 months
of age were first evaluated with H&E and Alcian Blue. MMP-13, ADAMTS5 Degraded Aggrecan
were extensively examined by immunohistochemistry along with inflammation marker of IL-17,
and anabolic marker collagen-2. Nell-1+/- mice showed depletion of matrix proteoglycans and
alterations in articular cartilage and subchondral bone plate thickening in various degree starting
on one month postnatal. Furthermore, these histological changes were associated with increased
expression of MMP-13, ADAMTS5, Degraded Aggrecan and robust expression of IL-17. Thus,
ii

this study provided further supportive data to our hypothesis that lack of Nell-1 results in increased
catabolic activity to articular cartilage and osteoarthritic alteration. Significantly, the similar
observation in mice with cartilage specific knockout of Nell-1 strongly supports the crucial role of
Nell-1 in the pathogenesis of osteoarthritis and therapeutic potential
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osteoarthritis, catabolic effect, Articular cartilage, NEL-like protein-1.
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1. Introduction

The injury and destruction of cartilage currently affects over 46 million Americans

[1].

As the

leading cause of morbidity in the United States, cartilage pathologies are estimated to cost a
staggering $128 billion, annually. Alarmingly, recent studies have demonstrated a demographic
shift in osteoarthritis prevalence, affecting younger individuals than in previous generations

[2].

While this trend has been linked to both trauma as well as and occupation-related stressors [3], it
further highlights the growing need for better therapeutics.
Hindered by both limited stem-cell reserves and a limited vascular supply, the innate regenerative
capacity of cartilage is poor. Consequently, small defects in cartilage from trauma, sports, or other
activities have the ability to substantially progress to joint-wide arthritis, due to increased stress at
defect boundaries[4]. Numerous therapeutic options exist for smaller arthritic lesions, including
“microfracture ” surgery, growth factor injections, and chondrocyte implantation[5]. Unfortunately,
these treatment modalities are flawed by a lack of specificity for cartilage, often resulting in the
formation of “fibrocartilage.” [6] Similar to scar tissue, fibrocartilage not only has vastly inferior
mechanical properties (when compared to native articular cartilage[7]), but is also far more likely to
advance to arthritis.
For larger arthritic lesions, autologous osteochondral grafting is the established standard of care [810]

. While effective, autologous grafting has several limitations, including donor site morbidity,

and sparse quantities of endogenous articular cartilage [11, 12]. In addition, autologous chondrocytes
have a tendency to lose their chondrogenic phenotype as the cells are expanded in vitro[13].
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In summary, because of the lack of specificity, predictability, and inability to form hyaline
cartilage which mimics that of native articular cartilage[9,

14, 15]

, contemporary therapeutic

approaches targeting articular cartilage repair are all flawed. Thus, there are vast clinical and public
health implications which need to be addressed.
A novel osetoinductive growth factor, Nel1-like molecule-1 (Nell-1), has recently shown promise
for the regeneration of articular cartilage, while avoiding the aforementioned pitfalls of existing
therapeutics

[16, 17]

. NELL-1 (Nel-like molecule-1) is a 93 kDa-secreted cytokine, which bears

structural similarities to several established growth factor families. Nell-1 is composed of five von
Willebrand factor C domains, an N-terminal thrombospondin-1 module, and six EGF-like domains
[18]

.

Initially, NELL-1’s role in osteochondral development was discovered in the context of
craniosynostosis[19], where Nell-1 was identified as being over-expressed within human
synostosed sutures. Since this discovery, numerous studies have further served to validate Nell1’s role in both cartilage development and maintenance [20, 21].
In addition to its established roles in chondrogenesis, Nell-1 has recently demonstrated the elusive
ability to maintain a stable hyaline cartilage phenotype (in both in vitro and in vivo settings). Initial
studies were examined in an in vitro setting, where rabbit chondrocytes treated with Nell-1 have
displayed dramatic improvements to both the quality and quantity of articular cartilage formation
(in a dose dependent fashion)

[17]

. Further, in an in-vivo rabbit articular cartilage defect model,

Nell-1 supplementation similarly resulted the development of a mature hyaline cartilage
phenotype, avoiding the aforementioned negative side effects of chondrocyte hypertrophy,
mineralization, or fibrosis [16].
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While these effects are encouraging, the mechanisms underlying these favorable traits remain
largely unknown. Nell-1 has been shown to be natively expressed in articular cartilage.
Perturbations to its expression demonstrate significant modifications to both the fate and function
of the chondrocytes. Over-expressing Nell-1 results in abnormal cartilage formation [22] , whereas
a reduction of the protein results in the reduced gene expression of extracellular matrix proteins,
critical to both osteogenesis and chondrogenesis [23].
Previous studies by our lab have investigated the role of Nell-1 haploinsufficiency in murine hip
joints, focusing on Nell-1’s primary response gene, NFATc2

[24]

. In the hip study, Nell-1

haploinsufficiency was shown to result in a marked increase of inflammatory biomarkers (IL-6
and IL-17).
From our previous studies, we hypothesize that Nell-1 haploinsufficiency will result in an increase
of proinflammatory cytokine production, upregulation of the cartilage matrix degrading enzymes
MMP13 and ADAMTS5, and a reduction of anabolic activities, culminating in cartilage
degeneration and osteoarthritic changes [25, 26].
To further elucidate the mechanisms underlying Nell-1’s effects, we will explore the overall
response of disruption of the Nell-1 axis in articular cartilage of murine knee joints at a variety of
postnatal stages, with a focus on catabolic biomarkers.

3

2. Materials and Methods
2.1. Animals
Nell-1 +/- haploinsufficient mice were provided by Dr. Cymbeline Tancongco Culiat (Oak Ridge
National Laboratory, Oak Ridge, Tennessee, USA). Haploinsufficient animals were initially
generated with the use of ‘N-ethyl-N-nitrosourea (ENU),’ a potent mutagen which also serves as
a potent alkylating agent. ENU is composed of the chemical formula C3H7N3O2.
Treatment with ENU results in a point-mutation in the gene of interest, resulting in a pre-mature
stop codon. Consequently, the transcript encodes for a truncated form of the gene, which is
degraded through post-transcriptional nonsense-mediated mRNA decay [23].
In addition to ENU induced Nell-1 haploinsufficient mice, this project also used a conditional
Nell-1 knockout mice (vs. control; Nell-1flox/flox ;Col2-Cre) strain, for micro CT analysis. Nell1+/- ENU mice and Nell-1flox/flox ;Col2-Cre mice used in this study were bred at the barrier at the
University of California, Los Angeles with approval of the Chancellor’s Animal Research
Committee (ARC) and in compliance with federal and state laws.
2.2. Histology
I. H & E
Knee joints of wild-type as well as ENU-induced Nell1 +/- mice (both male and female) were
harvested at several post-natal time points, consisting of 1-month, 3-month, 7-month, 10-months
of age. At each of these time intervals, an average number of seven ENU Nell1+/- and five wildtype mice were sacrificed. Utilizing one or both harvested hind-limbs from each animal, an average
number of six wild-type and eight Nell-1+/- knee joints were evaluated at each of the
aforementioned time points. Samples were next fixed in 4% paraformaldehyde (PFA 4%) solution
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for 48 hours. They were then decalcified for two weeks in a 19% solution of Ethylene-diaminetetra-acetic acid (EDTA).
Five-micron-thick sections were collected cutting the paraffin-embedded knee joints in sagittal
and some of coronal planes. For regular histologic analysis, Hematoxylin and Eosin (H&E)
staining was used (as per standard protocols).
II. Alcian Blue
For cartilage specific staining, 2% Alcian Blue (Sigma A3157) in 1% glacial acetic acid was used,
and counterstained with Nuclear Fast Red solution (Sigma N3020).
Histological specimens were analyzed using the Olympus BX51 microscopes and images were
acquired using Olympus DP73 digital camera with Cell-Sens Standard 1.9 software (Olympus
Corporation, USA).
2.3. Immunohistochemistry (IHC)
Paraffin embedded slides were de-paraffinized, and then rehydrated with a series of three xylene
washes (for ten minutes each), and alcohol washes (of 100% 100%, 95%, 80%, and 70%) for five
minutes each. Following rehydration, samples were then treated with s 3% Hydrogen Peroxide
solution for twenty minutes at room temperature (to block endogenous peroxidase activity).
Following re-hydration (and a PBS wash), samples were blocked with a 3% filtered BSA solution
for one hour. After a PBS wash, primary antibodies were diluted in the same blocking buffer (3%
Filtered BSA) against collagen-2, Interleukin-17, MMP-13, Degraded Aggrecan, and ADAMTS5
at 4°C, overnight (see antibody table, page 6). The next day, slides were incubated with appropriate
biotinylated

secondary

antibodies

(Vector

Laboratories,

Burlingame,

CA).

Positive

immunoreactivity was detected using Vectastain ABC and AEC kits (Vector Laboratories,
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Burlingame, CA) with red positive staining. Sections were then lightly counterstained using
modified Mayer’s Hematoxylin (Richard-Allan Scientific, Kalamazoo, MI).
Antibody

Collagen-2

IL-17

MMP-13

Degraded Aggrecan

ADAMTS5

Concentration/Animal

1:150, Mouse

1:200, Rabbit

1:100, Rabbit

1:150, Mouse

1:100, Rabbit

Manufacturer

DSHB-P02460

Abcam;
ab79056

Abcam;
ab39012

Abcam;
ab3778

Abcam;
ab41037

2.4. H-Score Assessment
IHC staining was quantified via the “H-Score” Formula (described below). The number or
percentage of positively stained chondrocytes, as well as the intensity of the staining in a
designated area, was placed in the ‘H-score formula.’ The formula uses the strength of the
signaling, and is equivalent to:
(3 x percentage of strongly stained chondrocytes + 2 x percentage of moderately stained
chondrocytes + percentage of weakly stained chondrocytes) to achieve a score from 0 to 300 [27].
For staining patterns that are more territorial (and not more cell-specific stains), the
intensity/quantity of staining was assessed in a similar fashion, using area instead of cell numbers..
Stained regions were chosen via color threshold, with the use of Lab color space. Images were
converted to 8-bit RGB stacks, with resultant 8-bit green channel picture being used for final
thresholding.
2.5. Micro-CT
Micro-CT imaging was used to validate/quantify our observed findings. Measurements of the
articular thickness (CT) – with approximate 50µm intervals along the articular cartilage was
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performed. Selected 3 month samples from Nell-1flox/flox ;Col2-Cre mice were processed (as stated
above).
2.6. Statistical Analysis
Data was conveyed as arithmetic means ± standard deviation. Differences between the means of
each group (according to the respective time point) was analyzed by Student’s t test (two-tailed).
A p-value of less than .05 was considered statistically significant.
3. Results
3.1 Nell-1 haploinsufficiency affects postnatal articular cartilage maturation and osteoarthritic
alteration of knee joint, starting at early age. The articular cartilage of murine knee joints collected
at different postnatal stages (1,3,7,10 months) was initially evaluated via H&E, and Alcian blue
staining. Histomorphological changes, trends, and variations were noted with each group.
H&E
At 1-month of age, H & E stained sagittal sections of wild-type and Nell-1 +/- animals was
evaluated. The tibial plateau in both samples is entirely cartilaginous (Fig 1). At its most
superficial layers, a thick layer of hyaline cartilage with small, round chondrocytes depicts future
articular cartilage. At this time point, no calcified articular cartilage (and therefore no tidemark) is
present. General histologic evaluation of the knee joint does not show significant morphological
differences between wild-type and Nell-1+/- genotype samples. It should be noted, however, that
in Nell-1 +/1 samples, chondrocytes appear markedly larger in size than their WT littermates.
At 3 months-of-age, H&E-stained sagittal sections of wild-type and Nell1+/- animals (Fig 2) both
show a basophilic fine line (tidemark) separating the boundary between the un-calcified
(superficial) and calcified (deep) layers of articular cartilage. General histologic evaluation of the
knee joints shows a less organized layer of hypertrophic chondrocytes in Nell1+/- samples.
7

At 7-months of age, H&E-stained sagittal sections of wild-type and Nell1+/- murine knee joints
(Fig 3) show articular cartilage, which is fully developed at this age. Therefore, the boundary
between un-calcified and calcified cartilage (basophilic tidemark), as well as the border between
bone and articular cartilage (not shown) is apparent. General histologic evaluation does not reveal
much variation between genotypes at this stage. However, by seven months, several Nell-1 +/animals have displayed eburnations in the most superficial layers of articular cartilage, and there
is a general thickening of the subchondral bone plate thickness (Fig 3).
At 10-months-of-age, H&E-stained sagittal sections of wild-type and Nell1+/- animals In Nell-1
+/- specimen(s), clear thickening of subchondral bone plate thickness is apparent in Nell-1 +/Animals (Fig 4). In addition, Nell-1 +/- samples show areas of focalized matrix depletion.
Alcian Blue
At 1 month-of-age, Alcian Blue stained sagittal sections of wild-type and Nell1+/- animals was
evaluated. At the initial time point of 1-month (Fig 5), Alcian blue staining did not reveal
significant differences between each genotype. Nell-1 +/- animals displayed less organization in
hypertrophic chondrocytes, when compared to those of the WT mice.
At 3 month-of-age, Alcian Blue stained sagittal sections of wild-type and Nell1+/- animals
displayed no apparent differences between groups (Fig. 6).
However, at the later time point of 7-months, marked differences amongst groups were noticed
(Fig 7). Nell-1 +/- mice show troughs of proteoglycan loss, descending into the deep zone of
cartilage. Aside from the areas of focalized matrix loss, thinner layers of articular cartilage can be
seen.
At the final time point of 10-months of age (Fig 8), Articular cartilage in the Nell-1+/- sample
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shows a poor organization of hypertrophic chondrocytes. Staining does not appear drastically
different between groups.
Initial histological analysis revealed that Nell-1 haploinsufficiency significantly affects matrix
deposition starting at the relatively young age of 1 month.
Studying the H & E stained tissue sections of 7-month-old and 10-month-old knee joints revealed
several osteoarthritic and morphological changes, as defined by contemporary OARSI
standards[29]. In several samples (not shown), Nell-1+/- animals displayed (at 7 months)
eburnations, and at both 7-and-10 months.
These histomorphometrical observations were supported with Alcian Blue staining in the later
time points (7 and 10 months) of the Nell-1 +/1 animals.
Alcian Blue staining, at 7-months (Fig 7) showed marked depletion of the matrix proteoglycans,
extending to the deepest layer of the articular cartilage. In addition, a generally weaker overall
Alcian Blue stain was seen (in both 7-month and 10-month) samples.
Collectively, the histological changes revealed by H&E and Alcian Blue clearly indicated the
osteoarthritic alterations in samples of Nell-1 insufficiency even at early stage. The significant
reduction and/or tissue distribution changes of collagen type 2 in samples of Nell-1 insufficiency
were indicative of pro-chondrogenic role of Nell-1 in articular cartilage postnatal growth.
Following our initial histomorphometrical studies and results, IHC was performed with Collagen
type 2, an anabolic marker, to further elucidate our findings.
At each of the post-natal time-points studied (1,3,7,10 months of age), Nell-1+/- murine knee joints
displayed a remarkably reduced amount of positive Collagen-2 staining, when compared to their
wild-type counterparts (P<0.001 at 1-month, 3-month, 7-month, and 10-months) (Graph 1). A
marked contrast existed between the two groups, evident from the earliest time point of one month
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(Fig 9). In wild-type samples, positive staining of the Col2 marker is dense and relatively
homogenous throughout the entire layer of articular cartilage. Staining appears intra-territorial,
and is quite robust. In Nell-1+/- samples, Collagen-2 positive staining is limited to chondrocytes
present in the superficial articular cartilage layer only. While the intra-nuclear staining is robust,
positive staining is still limited to chondrocytes (and not a remainder of the matrix, like the trend
observed in their WT counterparts).
In 3 month old samples (Fig 10) the staining pattern seen in both WT and Nell-1 +/- animals was
similar to those of the one month of age, but more pronounced. In fact, the three-month time point
displayed the most profound differences seen in Collagen-2 staining in our study. Nell-1+/samples show remarkably lower positive staining than those of WT samples. While WT models
had positive Collagen-2 staining throughout the matrix; positive staining in Nell-1 +/- mice was
limited to the chondrocytes in the most superficial layer, but now appear to display both cytosolic
and intra-nuclear staining. At 7-months (Fig 11) and 10-months (Fig 12), Collagen-2 levels in
Nell-1 +/- mice remained reduced when opposed to their WT counterparts, albeit not as drastically
as the difference seen at three months of age.
3.2 Cartilage specific knockout of Nell-1 reveals articular cartilage thinning and subchondral
bone thickening of knee joint by microCT
To investigate the trends noted, Micro-CT imaging was used to validate/quantify our observed
findings. Measurements of the articular thickness (CT) – with approximate 50µm intervals along
the articular cartilage - was performed. Despite high variability in each sample and among samples,
comparison of the resultant measurements was indicative of an overall lessening of the articular
cartilage thickness (CT) in at 3-months of age in Nell-1flox/flox ;Col2-Cre mice (Fig 13, Fig 14).
Significantly, the histology and alcian blue staining for knee joint sections from Nell-1flox/flox ;Col210

Cre mice exhibited morphological alterations similar to those of ENU induced Nell-1 +/- , and the
thickness of articular cartilage was significantly thinner than wild type control (data not shown).
The thinning of articular cartilage at 3-months of the samples in current study could be the
indication of early phase/mild changes of osteoarthritis in mice[28].

3.3 Significant elevation of IL-17 in mouse knee joints with Nell-1haploinsufficiency detected
by immunohistochemistry
At each of the time points, Nell-1+/- murine knee joints displayed a remarkably strong amount of
positive staining, as opposed to their wild-type counterparts. The greatest staining appears at 1month, with a gradual reduction throughout remaining intervals (Fig 15). At one month, Nell-1 +/mice display vibrant staining (primarily in individual chondrocytes. In wild-type samples, there is
essentially no detectable staining until 3-months of age (Fig 16).
At 3 months, Nell-1+/- samples show positive staining present in individual chondrocytes, resting
in the superficial layer of articular cartilage. Staining appears to be intra-nuclear (in the ENU
samples), whereas WT samples generally showed very little staining present (Fig 16).
By 7 months, Nell-1+/- samples show higher positive staining in chondrocytes, with very little
staining seen in WT sections (Fig 17). In Nell-1+/- samples, a marked increase in IL-17 staining
is present in the superficial articular cartilage layer, with a robust positive hue seen in the uncalcified cartilage layer. Staining appears to be intra-nuclear in Nell-1 +/- samples.
By 10 months, Nell-1+/- samples show remarkably higher positive staining in chondrocytes of the
articular cartilage, as well as the meniscus (Fig 18). In Nell-1+/- samples, the staining pattern is
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quite clear, demonstrating a marked increase in the superficial articular cartilage layer. Within
individual chondrocytes, intra-nuclear staining pattern is seen in Nell-1 +/- samples.
Semi-quantification showed a significant different between the two groups at each stage was at 1
month (P<0.001 at 1-month, 3-month, 7-month, 10-months of age) (Graph 2). The finding
indicates that the inflammatory response of articular chondrocytes in Nell-1 +/- mice was
significantly stronger than wild type control at all stages, but with 1-month of age being the largest
difference.
3.4 Marked Increase in the expression of catabolic Markers observed in the articular cartilage
of knee joint in Nell-1 haploinsufficient mouse
Because of the dramatic increases of inflammatory biomarkers, as well as the noted trends in
proteoglycan loss and collagen-2 reduction, catabolic markers including Degraded Aggrecan,
MMP-13,

and

ADAMTS5

were

also

explored.

To

correlate

with

our

earlier

inflammatory/catabolic findings, catabolic markers were chosen based on the standard catabolic
markers the OA process.
Degraded Aggrecan
For degraded aggrecan, each of the time points showed a remarkably strong amount of positive
staining in Nell-1+/- murine knee joints, when compared to their wild-type counterparts. A marked
contrast existed between the two groups, evident from the earliest time point of one month (Fig
19). In Nell-1+/- samples, positive pattern is mirrors previous markers, demonstrating a marked
increase in the superficial articular cartilage layers. Staining appears to be intra-nuclear in Nell-1
+/- samples. In 3 month old samples (Fig 20), Nell-1+/- samples show higher positive staining,
present in individual chondrocytes (in superficial/un-calcified layer), and meniscus. In wild-type
12

samples, there is markedly less detectable staining present. However, the staining was located in a
similar distribution pattern (intra-nuclear staining present mainly in individual chondrocytes
present in the superficial un-calcified cartilage layer). However, the Intensity of the staining was
markedly higher in ENU samples. The greatest extent of positive staining for the catabolic marker
also occurs at 3-months in the Nell-1 +/- mice (Graph 3.), but Nell-1 +/- staining remained
markedly increased at all time points.
By 7 months (Fig 21), Nell-1+/- samples show an increase of expression of degraded aggrecan
(when compared to their WT littermates). However, there is a marked reduction in Degraded
Aggrecan expression (in Nell-1 +/- samples) from the 3-month analysis.
At 10 months, In Nell-1 +/- samples, staining is limited to the superficial/un-calcified cartilage
level, and staining in the articular cartilage itself (Fig 22). The staining shown, despite being
elevated (compared to WT samples) is a marked reduction from the previous Nell-1 +/- degraded
aggrecan reading(s), seen at the time points of 3 and 7 months
MMP-13
At each of the observed post-natal time points (1,3,7,10 months), Nell-1+/- murine knee joints
showed a remarkably strong amount of positive staining for MMP-13, when compared to their
wild-type counterparts (P<0.001 at 1-month, 3-month, 7-month, 10-months of age). A marked
contrast existed between the two groups, evident from the earliest time point of one month (Fig
23). In wild-type samples, positive staining is limited to the boundary of articular
cartilage/subchondral bone, with very weak staining seen in the articular cartilage itself. In Nell1+/- samples, there is robust expression of MMP-13, demonstrating a marked increase in the
superficial articular cartilage layers. Staining is primarily displayed in individual chondrocytes,
which show an intra-nuclear pattern of staining. At 3 months (Fig 24), Nell-1+/- samples show
13

remarkably higher positive staining in the articular cartilage. In wild-type samples, positive
staining is limited to the boundary of articular cartilage/subchondral bone, with essentially no
detectable staining seen in the articular cartilage itself. In Nell-1+/- samples, there is a dramatic
increase of MMP-13 expression in the superficial articular cartilage layer. Staining appears to be
intra-nuclear, and is primarily seen in individual chondrocytes. At both 7-months (Fig 25) and 10months (Fig 26), Nell-1+/- samples show remarkably higher positive staining in chondrocytes,
meniscus, and subchondral bone. In wild-type samples, positive staining is primarily seen at the
boundary of articular cartilage/subchondral bone, with little positive staining in the articular
cartilage itself. There is some positive staining in the growth plate and subchondral bone (in WT
samples), but in general it is weak. In Nell-1+/- samples, the MMP-13 positive staining pattern is
quite clear and robust, demonstrating a marked increase in the superficial articular cartilage layer.
Staining was also seen in the subchondral bone, growth plates, and meniscus.
In 3-month old samples (Graph 4) Nell-1+/- samples again show their greatest degree of positive
staining (when compared to WT samples), which is isolated to chondrocytes in the articular
cartilage, as well as the meniscus. The trend continues in the following 7-month, and 10-month
time points, with little staining found in WT animals, but large significant levels seen in the Nell1 +/- mice.

ADAMSTS5
At the first two time points, Nell-1+/- murine knee joints showed higher positive staining, when
compared to their wild-type counterparts (Graph 5). This change was present until seven months
of age, when differences were less apparent (Fig 27).
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In wild-type samples, a light positive staining is seen throughout the boundary of articular
cartilage, and is seen in an intra-territorial pattern throughout the articular cartilage itself. In Nell1+/- samples, the pattern is seen in both individual chondrocytes (in an intra-nuclear pattern), as
well as the superficial un-calcified cartilage layer. At 3-months (Fig 28), Nell-1+/- samples show
higher positive staining, present in individual chondrocytes (in superficial/un-calcified layer), and
meniscus. In wild-type samples, there is markedly less detectable staining present. However, the
staining was located in a similar distribution pattern (intra-nuclear staining present mainly in
individual chondrocytes present in the superficial un-calcified cartilage layer). However, the
Intensity of the staining was markedly higher in ENU samples.
At 7-months (Fig 29), Nell-1+/- both groups reveal positive staining in the subchondral bone and
meniscus. The variations between both groups are minor. However, WT samples consistently stain
darker in the calcified layer (for ADAMTS5). Nell-1+/- samples display a higher positive staining
in the individual chondrocytes in the articular cartilage. samples at this age, positive staining has
increased from previous levels.
At 10-months (Fig 30), ADAMTS5 levels appear to be insignificant in both WT and Nell-1
Samples.
Overall, a clear trend of expression pattern of catabolic markers of articular cartilage was
observed. The significant upregulation of Degraded Aggrecan, MMP-13, and ADAMTS5 in
samples with Nell-1 insufficiency provided solid supportive data to our hypothesis that lack of
Nell-1 results in increased catabolic effects to articular cartilage and osteoarthritic alteration.
4. Discussion
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Previously viewed as the inevitable outcome of both old-age and “wear and tear,”, osteoarthritis
has proven to be a vastly more complex pathological condition. While an understanding of the
initiation and progression of the disease have remained elusive, recent breakthroughs in
orthopedics have shown that destruction of cartilage, as well as the resultant increase of the
subchondral bone plate thickness present in the OA phenotype are likely due to an increasingly
complex network of overlapping signal transduction pathways. A shift from today’s palliative
therapies to tomorrow’s curative solutions requires a better grasp of these mechanisms.
Through our experiments, we were able to answer several important questions regarding Nell-1’s
role in development of the osteoarthritic phenotype. By 7-months of age, Nell-1 +/- animals
revealed several hallmark histological features of an OA phenotype. In numerous samples, H & E
staining unveiled the presence of multiple eburnations (discontinuities/irregularities) in the
superficial layers of articular cartilage. In addition, H & E studies from Nell-1 +/- mice at 7 and
10 months confirmed a marked thinning of articular cartilage. These observations were supported
by Alcian Blue staining of the samples, which displayed vast proteoglycan loss in the knee joints
of both 7-month and 10-month Nell-1 +/- animals (when compared to their WT counterparts).
The further explore these findings, micro-CT evaluation was performed in cartilage-specific Nell1 knockout mice. Surprisingly, articular cartilage thinning and a subchondral bone thickening was
noted in Nell-1 deficient animals, at just 3 months of age.
While our these experiments confirmed the presence of an OA phenotype present in Nell-1 +/mice, the mechanisms and cell-signaling pathways accounting for these findings have proven
elusive. From our previous studies, we hypothesized that Nell-1’s role on the ECM may account
for the early OA findings. Previous studies and unpublished data in our lab have directly linked
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Nell-1 haploinsufficiency to deleterious effects on the major ECM proteins (Collagen-2 and
Aggrecan).
Collagen-II composes 85-90% of the collagen present in articular cartilage. Type-II collagen is
responsible for the fibrillar network of collagen, which allows cartilage to entrap the proteoglycan
aggregate. In Nell-1 halploinsufficient mice, IHC experiments displayed dramatic loss of
Collagen-2, as well as marked spatiotemporal changes across all time points. At just one month of
age, collagen-2 levels are less than half those of their WT counterparts (according to our H-Score
formulations). In fact, with the exception of the 7-month time point, the H-Scores were less than
50% of their WT counterparts at all time points assessed.
Aside from the reduced quantity of collagen-2, the staining pattern is markedly different in Nell-1
+/- mice (compared to their WT counterparts). In the Nell-1 +/- animals, staining for collagen-2
was more intra-nuclear; the actual matrix contained minimal staining. In WT animals, staining
tended to be more intra-terratorial, and was robust throughout the ECM.
Breakdown of the ECM has been linked to an initial disturbance in the balanced cytokine network,
as well as a dysregulation of matrix degrading enzymes [50]. Because of the findings of OA
phenotype, and confirmation of the breakdown of the ECM, an investigation on the balanced
cytokine network was performed.

IL-17 is derived from both mast cells and activated CD4+ T cells. IL-17 inhibits the synthesis
of proteoglycans, as well as promote the production of the MMP family of enzymes

[30-32]

. In

human OA samples, synovial and serum levels of IL-17 have been shown to be correlated to
radiographic lesions in OA [33]. In addition, IL-17 influences the secretion of other inflammatory
cytokines, such as IL-1β, TNFα, IL-6, NO, and PGE2

[34-36]

. Within the Nell-1 +/- groupings, a

dramatic increase in IL-17 expression was present, from 1 month of age. The large increase of pro-
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inflammatory markers in the Nell-1+/- mouse may relate to Nell-1’s inherent anti-inflammatory
properties

[37].

Nell-1 protein contains numerous cysteine-rich domains

[38]

, which is a potential

reductive agent for reactive oxygen species (ROS) [39].
In addition, IL-17 increase may account for some of our findings. IL-17, similarly, is involved in
upregulation of matrix metalloproteinases and downregulation of proteoglycan levels [40].
Aside from the loss of anabolic markers and an increase of inflammatory markers, more
significantly, Nell-1 +/- animals display a dramatic increase in catabolic biomarkers. The two best
studied Enzymes in ECM degradation – both MMP-13 and ADAMTS5, were found to be elevated
in our Nell-1 +/- mice, across nearly all time points.
In the OA disease process, ECM depletion is initiated by the loss of proteoglycans from within the
articular cartilage. The most important of these proteoglycans is aggrecan. One of the most
abundant proteins of the extracellular matrix, aggrecan serves a fundamental role in the
compressive function of the tissue. Aggrecan is also responsible for the formation of hyaluronic
acid, which is a high-molecular-mass polysaccharide found in synovial fluid. Via interactions with
both “link protein” and hyaluranon, aggrecan is further able to provide the ECM with its hydrated
gel structure, accounting for the load-bearing properties of cartilage[41]. Although occurring early
in the disease process, the proteolytic breakdown of aggrecan greatly compromises the structural
integrity and mechanical properties of the ECM.
In our Nell-1 +/- mice, the marker of Degraded Aggrecan was increased at all ages. These
variations were clear and evident from the first month of age, and were demonstrated across nearly
all future time points. Aggrecan loss was confirmed by our staining’s for the biomarker ‘degraded
aggrecan,’ confirming statistically significant increases of aggrecan breakdown activity in most
samples (in Nell-1 +/- animals).
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Cartilage destruction has been well-linked to the matrix metalloproteinase (MMP) family of
enzymes, in numerous vivo studies

[42]

. In normal, healthy articular cartilage, MMP’s are

responsible for the homeostatic turnover of ECM proteins, which are secreted as latent proenzymes by both chondrocytes and synoviocytes [43]. OA progression has been linked to a dramatic
spike in MMP gene expression in the cartilage. This finding is supported in numerous animal
models of OA, as well as from human samples attained from patient’s suffering from OA [44-46]. In
a state of dysregulation, the unchecked MMP’s destroy both old and freshly repaired ECM.
While several MMP’s are involved in OA disease progression, MMP-13 has shown to be the most
active collagenase against type II collagen [47]. In murine models, cartilage-specific overexpression
of MMP-13 induces advanced arthritis with cartilage erosion [48]. Selective inhibition studies linked
MMP-13 to collagen release from human osteoarthritic cartilage in vitro [49, 50]. Surface fibrillation
has been prevented in a surgical OA rabbit model through highly specific inhibition of MMP-13
[51]

. MMP-13 levels are increased in late stage human osteoarthritis, as detected by chondrocyte

mRNA for MMP-13. These levels have been shown to be increased, in relation to cartilage
erosion [52-55].
Aggrecan breakdown has been explicitly linked to the “aggrecanases, a disintegrin and
metalloproteinase with a thrombospondin motif” (ADAMTS) family of enzymes. ADAMTS
exhibit the most efficient aggrecanase activity, and are the most likely enzyme underlying the
pathological cleavage of aggrecan in OA [56-60]. Mouse studies have shown ADAMTS5 as a critical
arthritis-associated enzyme. Animals with reduced ADAMTS5 activity have proven immune to
inflammatory arthritic conditions [56, 60, 61]. In addition, inhibition of the active ADAMTS cleavage
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site inhibits cartilage structural damage in murine models, further solidifying its likely role in
aggrecanolysis [57], [62].
In current study, the Nell-1 +/- mice demonstrated all of the hallmark molecular markers of OA
progression. Aside from the proteoglycan loss, presence of knee eburnations, and SCB thickening,
the Nell-1 +/- mouse displays severe Collagen-2 deficiency, and accelerated aggrecan loss.
Particularly, the major spike in MMP-13/ADAMTS5 activity is subsequent to rise in IL-17
response. However, the exact underlying mechanisms of Nell-1 deficiency in elevating catabolic
markers of articular cartilage along with osteoarthritic phenotypical changes remains unclear and
warrants further investigation.
5. Conclusion
In summary, Nell-1 haploinsufficiency results not only in a major imbalance of both
anabolic/catabolic markers of the ECM, but also changes in the spatiotemporal distribution of
biomarkers at a variety of post-natal stages, with remarkable consistency (1,3,7, 10 months of age).
In addition, Nell-1 haploinsufficiency leads to a marked increase in both pro-inflammatory
cytokines and matrix destroying enzymes, resulting in an early/accelerated breakdown of the
extracellular matrix. These findings further solidify Nell-1’s role as an important anabolic reagent
with anti-catabolic/anti-inflammatory properties. Our results have confirmed that Nell-1’s role in
the cartilage ECM are indeed multifaceted although the underlying molecular mechanisms remains
elusive.
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Figure 1. H&E-staining of 1-month-old wild-type and Nell1+/- knee joints. At the
initial time point of 1-month, the tibial plateau in both samples is entirely cartilaginous.
General histologic evaluation of the knee joint did not show morphological differences
between wild-type and Nell1+/-samples. It should be noted, however, that Nell-1 +/samples have a less organized appearance of hypertrophic chondrocytes, and also
have a greater cytoplasmic volume.
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Figure 2. H&E-staining of 3-month-old wild-type and Nell1+/- knee joints.
At the second time point, a basophilic fine line (tidemark) separates the
boundary between the uncalcified (superficial) and calcified (deep) layers of
articular cartilage. General histologic evaluation of the knee joints shows a less
organized layer of hypertrophic chondrocytes in Nell1+/- samples.
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Figure 3 H&E-stained sections of 7-month-old wild-type and Nell1+/- animals. Articular
cartilage is fully developed at this age, and therefore, the boundary between uncalcified and
calcified cartilage (basophilic tidemark), as well as the border between bone and articular
cartilage (not shown) is apparent. General histologic evaluation does not reveal much
variation between genotypes at this stage.
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Figure 4. H&E-stained sections of the knee jonts of 10-month-old wild-type
and Nell1+/- mice. In Nell-1 +/- specimen(s), areas of focalized matrix depletion
are apparent (see 200X image).
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Figure 5. Alcian Blue-Nuclear Fast Red- stained sections of 1-month-old knee joints. At the initial time
point of 1-month, the tibial plateau in both samples is entirely cartilaginous. At its most superficial layers, a
thick layer of hyaline cartilage depicts the future articular cartilage. At this time point, no calcified articular
cartilage (and therefore no tidemark) is present. General histologic evaluation of the knee joint(s) does not
reveal significant differences between groups at this time point. However, Nell-1 +/- animals displayed a the
appearance of hypertrophic chondrocytes dividing in a more vertical pattern (see 200x Nell-1 +/-).
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Figure 6. Alcian Blue - Nuclear Fast Red- stained sections of 3-month-old knee joints.. At the
second time point of 3-months of age, no apparent differences exists between groups.
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Figure 7. Alcian Blue - Nuclear Fast Red- stained sections of 7-month-old knee
joints. At the third time point of 7-months of age, Articular cartilage in the Nell-1+/- sample
shows patchy matrix proteoglycan depletion in both the superficial and deep layers.
Staining in the Nell-1 +/- samples reveal a lighter and thinner layer of articular cartilage
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Figure 8. Alcian Blue - Nuclear Fast Red- stained sections of 10-month-old knee
joints At the final time point of 10-months of age, Articular cartilage in the Nell-1+/- sample
shows a thinner layer of articular cartilage, containing chondrocytes which lack the wellorganized appearance of their WT littermates.
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Figure 9. Collagen-2 Staining, 1-Month of Age. At 1 month of age, intensity of Collagen-2 staining
is notably higher in the wild type group, displaying a uniform, intra-territorial staining pattern
throughout the extracellular matrix. In Nell-1+/- samples, remarkably less expression of Collagen-2 is
seen, and is mostly isolated to individual chondrocytes present in the most superficial layer of
cartilage. The staining is mainly intra-nuclear in Nell-1 +/- animals, and little matrix staining is seen.
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Figure 10. Collagen-2 Staining, 3-Months of Age. At 3 months, intensity of Collagen-2 staining is
notably higher in the wild type group, displaying a uniform, intra-territorial staining pattern throughout the
articular cartilage. Nell-1+/- mice show remarkably less expression of Collagen-2, with a staining that is
generally intra-nuclear in appearance, and shown in individual chondrocytes. The matrix in Nell-1 +/samples is weakly stained when compared to WT littermates.
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Figure 11. Collagen-2 Staining, 7-Months of Age. At 7 months,Collagen-2 staining is notably
higher again in the wild type group, displaying a uniform and robust appearance. Nell-1 +/- samples
reveal a clear demarkation in staining, with the calcified level (lower) displaying a markedly higher
degree staining than in the un-calcified layer of cartilage.
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Figure 12. Collagen-2 Staining, 10-Months of Age. At 10 months, intensity of Collagen-2 far
greater in WT animals than that of their haploinsufficient littermates.

Figure 13 Micro-CT Data from cKO Nell-1 F/F Mice.
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Figure 14 Micro-CT Data from cKO Nell-1 F/F Mice.
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Figure 15 IL-17 Staining , one month of age. A marked contrast existed between the two groups, evident from the earliest time
point of one month. In wild-type samples, essentially no detectable staining existed in WT animals. In Nell-1+/- samples, the
pattern is quite clear, demonstrating a marked increase in IL-17 expression in the superficial articular cartilage layers. Staining
appears to be intra-nuclear, and was generally limited to individual chondrocytes in the superficial layer.
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Figure 16. IL-17 Staining , three months of age. Nell-1+/- samples show positive staining present in individual chondrocytes,
resting in the superficial layer of articular cartilage. Staining appears to be intra-nuclear (in the ENU samples), whereas WT
samples generally showed very little staining present
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Figure 17. IL-17 Staining , seven months of age. Nell-1+/- samples show remarkably higher positive staining in chondrocytes,
with very little staining seen in WT sections. In Nell-1+/- samples, a marked increase in IL-17 staining is present in the superficial
articular cartilage layer, with a robust positive hue seen in the uncalcified cartilage layer. Staining appears to be intra-nuclear in
Nell-1 +/- samples.
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Figure 18. IL-17 Staining , ten months of age.Sagittal stained sections display a marked contrast between the two groups.
Nell-1+/- samples show remarkably higher positive staining in chondrocytes of the articular cartilage, as well as the meniscus
In Nell-1+/- samples, the staining pattern is quite clear, demonstrating a marked increase in the superficial articular cartilage
layer. Within individual chondrocytes, intra-nuclear staining pattern is seen in Nell-1 +/- samples.
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Figure 19. Degraded Aggrecan Staining, 1-month of age. Sagittal stained sections display a marked
contrast between the two groups, evident from the earliest time point. In wild-type samples, a light positive
staining is seen throughout the boundary of articular cartilage, and is seen in an intraterritorial pattern
throughout the articular cartilage itself. In Nell-1+/- samples, the pattern is seen in both individual
chondrocytes (in an intra-nuclear pattern), as well as the superficial uncalcified cartilage layer.
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Figure 20. Degraded Aggrecan Staining, 3-months of age. Nell-1+/- samples show remarkably higher positive
staining, present in individual chondrocytes (in superficial/un-calcified layer), and meniscus. In wild-type samples,
there is markedly less detectable staining present. However, the staining was located in a similar distribution pattern
(intra-nuclear staining present mainly in individual chondrocytes present in the superficial un-calcified cartilage layer).
However, the Intensity of the staining was markedly higher in ENU samples.
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Figure 21. Degraded Aggrecan Staining, 7-months of age. Nell-1+/- samples show an increase of
expression of degraded aggrecan (when compared to their WT littermates). However, there is a marked
reduction in Degraded Aggrecan expression (in Nell-1 +/- samples) from the 3-month analysis.
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Figure 22. Degraded Aggrecan Staining, 10-months of age In Nell-1 +/- samples, staining is limited to t superficial/
uncalcified cartilage level, and staining in the articular cartilage itself. The staining shown, despite being elevated
(compared to WT samples) is a marked reduction from the previous Nell-1 +/- degraded aggrecan reading(s), seen at the
time points of 3 and 7 months
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Figure 23. MMP-13 Staining, 1-month of age. In wild-type samples, positive staining is limited to the boundary of articular cartilage/
subchondral bone, with very weak staining seen in the articular cartilage itself. In Nell-1+/- samples, there is robust expression of MMP-13,
demonstrating a marked increase in the superficial articular cartilage layers. Staining is primarily displayed in individual chondrocytes, which
show an intra-nuclear pattern of staining.
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Figure 24. MMP-13 Staining, 3-month of age. Nell-1+/- samples show remarkably higher positive staining in the articular cartilage. In
wild-type samples, positive staining is limited to the boundary of articular cartilage/subchondral bone, with essentially no detectable
staining seen in the articular cartilage itself. In Nell-1+/- samples, there is a dramatic increase of MMP-13 expression in the superficial
articular cartilage layer. Staining appears to be intra-nuclear, and is primarily seen in individual chondrocytes.
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Figure 25. MMP-13 Staining, 7-months of age. Nell-1+/- samples show remarkably higher positive staining in chondrocytes,
meniscus, and subchondral bone. In wild-type samples, positive staining is primarily seen at the boundary of articular cartilage/
subchondral bone, with little positive staining in the articular cartilage itself. There is some positive staining in the growth plate and
subchondral bone (in WT samples), but in general it is weak. In Nell-1+/- samples, the MMP-13 positive staining pattern is quite
clear and robust, demonstrating a marked increase in the superficial articular cartilage layer. Staining was also seen in the
subchondral bone, growth plates, and meniscus.
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Figure 26. MMP-13 Staining, 10-month of age. Sagittal stained sections display a marked contrast between
the two groups, In wild-type samples, positive staining is limited to the boundary of articular cartilage/
subchondral bone, with little staining in the articular cartilage itself. Nell-1+/- samples show remarkably higher
positive staining, demonstrating a marked increase in MMP-13 expression at the superficial articular cartilage
layer. Within the individual chondrocytes, staining appears to be intra-nuclear. There is positive staining in the
superficial uncalcified layer of cartilage, as well as the meniscus and growth plate.
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Figure 27. ADAMTS5 Staining, 1-month of age.. Sagittal stained sections display a marked contrast between the two groups,
evident from the earliest time point. In wild-type samples, a light positive staining is seen throughout the boundary of articular
cartilage, and is seen in an intra-territorial pattern throughout the articular cartilage itself. In Nell-1+/- samples, the pattern is seen
in both individual chondrocytes (in an intra-nuclear pattern),, as well as the superficial un-calcified cartilage layer.
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Figure 28. ADAMTS5 Staining, 3-months of age Nell-1+/- samples show remarkably higher positive staining, present in
individual chondrocytes (in superficial/un-calcified layer), and meniscus. In wild-type samples, there is significant detectable
staining present in the ECM. In the Nell-1 animals, intra-nuclear staining was present, mainly in individual chondrocytes.
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Figure 29. ADAMTS5 Staining, 7-months of age Nell-1+/- samples show remarkably higher positive staining in the subchondral
bone and meniscus. WT samples display a higher degree of staining in the ECM. However, WT samples consistently stain darker
in the calcified layer (for ADAMTS4,5). Nell-1+/- samples display a higher positive staining in the individual chondrocytes in the
articular cartilage. samples at this age, positive staining has increased from previous levels.
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Figure 30. ADAMTS5 Staining, 10-months of age By 10 months, ADAMTS4,5 activity appears to be mitigated
(with both genotypes). Histologically, little differences can be determined between each group.
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Graph 1. Semi-quantification of the positive IHC from both WT and Nell-1+/murine knee joint(s) with specific antibodies against Collagen-2. Average HScore noted in graph as an average of 5 animals-per-marker (at each time
point)
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Graph 2. Semi-quantification of the positive IHC from both WT and Nell-1+/murine knee joint(s) with specific antibodies against Interleukin-17. Average
H-Score noted in graph as an average of 5 animals-per-marker (at each time
point)
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Graph 3. Semi-quantification of the positive IHC from both WT and Nell-1+/murine knee joint(s) with specific antibodies against Degraded Aggrecan.
Average H-Score noted in graph as an average of 5 animals-per-marker (at
each time point)
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Graph 4. Semi-quantification of the positive IHC from both WT and Nell-1+/murine knee joint(s) with specific antibodies against MMP-13. Average HScore noted in graph as an average of 5 animals-per-marker (at each time
point)
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Graph 5. Semi-quantification of the positive IHC from both WT and Nell-1+/murine knee joint(s) with specific antibodies against ADAMTS5. Average HScore noted in graph as an average of 5 animals-per-marker (at each time
point)
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